Obesity and related metabolic diseases are becoming worldwide epidemics that lead to increased death rates and heavy health care costs. Effective treatment options have not been found yet. Here, based on the observation that baicalin, a flavonoid from the herbal medicine Scutellaria baicalensis, has unique antisteatosis activity, we performed quantitative chemoproteomic profiling and identified carnitine palmitoyltransferase 1 (CPT1), the controlling enzyme for fatty acid oxidation, as the key target of baicalin. The flavonoid directly activated hepatic CPT1 with isoform selectivity to accelerate the lipid influx into mitochondria for oxidation. Chronic treatment of baicalin ameliorated diet-induced obesity (DIO) and hepatic steatosis and led to systemic improvement of other metabolic disorders. Disruption of the predicted binding site of baicalin on CPT1 completely abolished the beneficial effect of the flavonoid. Our discovery of baicalin as an allosteric CPT1 activator opens new opportunities for pharmacological treatment of DIO and associated sequelae.
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baicalin | CPT1 | obesity | chemical proteomics | steatosis I n modern society, about one-third of the adult population worldwide are overweight (1) , who consequently have high risk factors for developing obesity-associated metabolic diseases, including nonalcoholic fatty liver disease (2), type 2 diabetes mellitus (3), and cardiovascular disease (4) . While the cause and pathogenesis of obesity are complex and multifactorial, unbalanced diets have been postulated as a major culprit to disturb regular energy metabolisms and induce excessive lipid accumulation in multiple organs (5, 6) . Attenuating the lipid accumulation could therefore be an effective solution to ameliorate obesity and associated metabolic disorders. Current approaches include eating a healthier diet (7) , suppressing food intake physically and therapeutically (8) , removing excessive body fat surgically, and inhibiting lipid biogenesis (9) . As lipid accumulation results from an imbalance in lipid metabolism, it should also be possible to ameliorate the disorder by boosting the lipid consumption.
The major route for lipid expenditure is through mitochondrial fatty acid β-oxidation (FAO), an essential process in which free fatty acids are esterified with CoA, transported into the mitochondria matrix, and oxidized to generate acetyl-CoAs (10) . The transport of long-chain acyl-CoA esters into the mitochondria matrix is mediated by the carnitine palmitoyltransferase (CPT) system that consists of three proteins: CPT1, acylcarnitine translocase, and CPT2 (11) . CPT1 is anchored on the mitochondrial outer membrane and is responsible for converting acylCoAs into acylcarnitines, which are shuttled across the mitochondria membranes by the translocase and converted back to acyl-CoAs by CPT2 inside mitochondria before entering β-oxidation (12) . CPT1 is considered as the rate-limiting enzyme for FAO, and its inhibition by malonyl-CoA, the first committed intermediate for lipogenesis, serves as the key regulatory mechanism to maintain the balance of fatty acid metabolism (13) . Genetic suppression of acetyl-CoA carboxylases (ACCs) to reduce the production of malonyl-CoA was shown to reverse dietinduced hepatic steatosis and insulin resistance (14) , and overexpression of an active but malonyl-CoA-insensitive mutant of CPT1 was able to ameliorate insulin resistance in mice (15) , both of which support the rationale of activating liver FAO for treating obesity-associated metabolic disorders.
Pharmacologically, a synthetic inhibitor of fatty acid synthase, C75, has been reported to activate CPT1 to increase peripheral energy utilization and fatty acid oxidation in a diet-induced obesity (DIO) model (16) ; however, its mechanism of activation is under debate because it was later discovered that the C75-CoA adduct acts as a potent inhibitor of CPT1 both in vitro and in vivo (17) (18) (19) . A couple of natural flavonoids with antiobesity and antidiabetic effects have been shown to increase fatty acid oxidation by boosting the transcription of CPT1 (20) ; however, direct agonists of Significance Baicalin is a major flavonoid component from the herbal medicine Scutellaria baicalensis that has been shown to have an antisteatosis effect. Through quantitative chemoproteomic profiling, we discovered that baicalin acts as a natural allosteric activator of carnitine palmitoyltransferase 1 (CPT1), the ratelimiting enzyme of fatty acid β-oxidation (FAO). By directly binding to CPT1 and activating its activity to accelerate fatty acid degradation, baicalin can significantly ameliorate symptoms associated with hepatic steatosis and reduce diet-induced obesity (DIO). Our study provides an example of a natural product agonist for CPT1. The results provide mechanistic insights to explain the bioactivity of baicalin in reducing lipid accumulation and introduce exciting opportunities for developing novel flavonoid-based FAO activators for pharmacologically treating DIO and associated metabolic disorders.
CPT1 have not been reported yet. Therefore, the search for novel compounds that can activate CPT1 and promote FAO to attenuate lipid accumulation and metabolic disorders is of substantial interest.
The flavonoid family contains more than 5,000 naturally occurring members from plants and fungi with diversified structures and bioactivity (21) . Many of these polyphenolic compounds have been found to prevent hepatic steatosis (22) , insulin sensitivity (23) , and other metabolic syndromes (24, 25) . Furthermore, several flavonoids have been reported to improve lipid metabolism, mainly through regulating lipogenic pathways (26) . Scutellaria baicalensis is one of the fundamental herbs that has a long history of usage in traditional Chinese medicine (27) , and its raw extracts have been reported to have a strong lipid-reducing effect (28) . In particular, one of its major flavonoid components, baicalin (Fig.  1A) , was shown to reduce diet-induced hepatic steatosis in rodents (29, 30) ; however, the mechanism of its action remains elusive.
In the current work, we implemented a quantitative chemical proteomic strategy to globally profile protein-baicalin interactions and identified the liver isoform of CPT1 (CPT1A) as one of the key targets of baicalin. The flavonoid directly activated CPT1A to accelerate the influx rate of long-chain acyl-CoAs into mitochondria for β-oxidation. Structural modeling predicted an allosteric binding site on CPT1, which, upon disruption, abolished the activation of baicalin. Chronic treatment of baicalin effectively ameliorated DIO and associated symptoms in mice, and the beneficial effect was critically dependent on the activation of hepatic CPT1. Our work reports the discovery of a natural activator for this rate-limiting enzyme of liver FAO and justifies the rationale of activating FAO as an effective approach to prevent obesity and hepatic steatosis. The results not only provide mechanistic insights to explain the bioactivity of baicalin in reducing lipid accumulation but also open exciting opportunities of developing novel flavonoid-based FAO activators for pharmacological treatment of DIO and associated metabolic disorders.
Results
Baicalin Can Lower the Lipid Accumulation in High-Fat-Treated Cells.
To facilitate our quantitative chemical proteomic study to identify the targets of baicalin, we first evaluated the ability of baicalin to lower the lipid accumulation in a mammalian cell line. HeLa cells were treated with 1 mM oleic acid and palmitic acid (2:1 molar ratio) to induce deposition of lipid droplets. These cells were then treated with a series of concentrations of baicalin for 24 h in presence of the excessive free fatty acids. The cells were stained by Oil Red O (ORO), and the extent of lipid accumulation was quantified by the intensity of DMSO-extracted ORO dye. Baicalin is able to significantly lower the cellular accumulation of lipid droplets at as low as 12.5 μM and maintains its strong lipid-reducing effect at up to 400 μM when ∼80% of the cells are still viable (Fig. 1B) . Baicalin treatment at 100 μM can already reduce the amount of cellular lipids by ∼50% (Fig.  1C) . Similar results were obtained when ORO-stained cells were directly imaged and quantified ( Fig. 1D and SI Appendix, Fig.  S1A ). Furthermore, we monitored the lipid content in these cells by stimulated Raman scattering (SRS) microscopy (31) . A dramatic decrease of SRS signals in the baicalin-treated cells confirmed baicalin's activity in reducing lipid accumulations in HeLa cells ( Fig. 1E and SI Appendix, Fig. S1B ). In addition, we isolated hepatocytes from mouse liver and confirmed with ORO staining that baicalin retains similar activity in lowering lipid accumulation in primary cells (SI Appendix, Fig. S2A ).
Target Profiling of Baicalin by SILAC-ABPP. We next employed activity-based protein profiling (ABPP) to identify the protein targets that directly interact with baicalin in proteomes. The ABPP-based chemical proteomic strategy has enabled discovery of functionally unannotated enzymes and deconvolution of protein targets of bioactive small molecules (32, 33) . In particular, its combination with stable isotope labeling by amino acids in cell culture (SILAC) has allowed unambiguous identification of protein targets of lipid binding and modifications directly in native biological systems (34, 35) . Given that baicalin does not contain any obvious reactive moiety that can modify proteins covalently, we designed and synthesized a photoaffinity baicalin probe that contains a benzophenone photo-cross-linking group and an alkynyl reporter group ( Fig. 2A and SI Appendix, Fig. S3A ). Both functional groups were introduced at the carboxylic acid group using a recently developed "photo-click" reaction (36) . Despite considerable structural derivatizations, the baicalin probe was able to lower the lipid accumulation as effectively as the native compound (Fig. 2B ). When the baicalin probe (200 μM) was used to label the proteome in an in-gel fluorescence assay, cotreatment of the native baicalin compound (400 μM) was able to compete the probe labeling (SI Appendix, Fig. S3B ), supporting that the probe binds to similar target proteins as baicalin does.
To identify these target proteins, we performed a series of SILAC-ABPP experiments using the baicalin probe with or without competition from the native baicalin compound (Fig. 2C) . Briefly, proteomes lysed from the "light" and "heavy" HeLa cells treated with excessive fatty acids were first incubated for 15 min with DMSO or baicalin (1 mM), respectively, and labeled with the baicalin probe (200 μM) via UV-induced photo-cross-linking. The probe-labeled light and heavy proteomes were mixed, conjugated with azidebiotin, enriched on streptavidin beads, and finally subjected to trypsin digestion. The digested peptides were analyzed by liquid chromatography tandem mass spectrometry to identify proteins that are photocaptured by the baicalin probe. The quantified SILAC ratio (light vs. heavy) for each protein reflects the extent of competition by the native baicalin compound, with a larger ratio corresponding to greater competition. In addition to the "Competition" experiment, we performed three sets of control experiments (benzophenone probe "BP-control," control probe "CP-control," and "UV-control") to eliminate false-positive targets resulting from indirect and/or nonspecific binding to the probe ( Fig. 2C and SI Appendix, SI Materials and Methods). Three replicates were performed for each of the control and competition experiments, and all of the proteins quantified are listed in Dataset S1. After applying a cutoff of 4.0 for the averaged SILAC ratio in all of the control and competition experiments, we collectively identified 142 proteins as potential targets that are specifically bound to baicalin ( Fig. 2D and Dataset S2).
Baicalin Targets Key Enzymes in Fatty Acid Oxidation. Gene ontology analysis (37) of the pathways associated with these 142 proteins revealed a top-ranking functional cluster of "fatty acid degradation," which includes seven enzymes (Fig. 2E ). Since this specific functional cluster of enzymes is highly relevant to the observed phenotype of reduced lipid accumulation, we continued to investigate these enzymes' potential roles in mediating baicalin's lipid-reducing effect. We used RNA interference (RNAi) to transiently knock down each of these enzymes (SI Appendix, Fig.  S4 ) and observed that knockdown of CPT1A, the rate-limiting enzyme directly involved in FAO, completely abolished the effect of baicalin in reducing lipid accumulation (Fig. 2F) . Consistently, cotreatment with malonyl-CoA, an endogenous CPT1A inhibitor, also significantly impaired the effect of baicalin (Fig.  2G ). These results collectively suggested that the CPT1A-controlled FAO is responsible for the lipid-reducing effect of baicalin. Since abnormal lipid accumulation results from an imbalance of lipid metabolism and excessive lipid biogenesis and/or insufficient lipid consumption, we also performed the transcriptome analysis of the baicalin-treated cells and found no significant changes at the transcriptional level for those enzymes associated with various lipid metabolic pathways, including CPT1A (SI Appendix, Fig. S5 and Dataset S3). Thus, we hypothesized that baicalin might exert its lipid-reducing effect by directly activating CPT1A to accelerate lipid consumption in FAO.
Direct Activation of CPT1A by Baicalin. To test whether baicalin can activate CPT1A directly, we first established a quantitative enzymatic assay to measure CPT1A activity, which uses the [D9]-carnitine and palmitoyl-CoA as the substrates and detects the production of [D9]-palmitoyl-carnitine (SI Appendix, SI Materials and Methods). In this assay, lysates from the baicalin-treated HeLa cells (100 μM, 24 h) showed a threefold increase in CPT1A activity compared with that of the DMSO-treated cells (Fig. 3A) . Immunoblotting analysis confirmed that baicalin treatment did not perturb the protein level of CPT1A compared with the untreated cells (Fig. 3B ). Direct addition of baicalin (100 μM) to the cell lysates resulted in an approximately sevenfold increase of CPT1A activity (Fig. 3C) . Furthermore, treatment of the isolated mitochondria extracts with 100 μM baicalin resulted in a similar stimulation of CPT1A activity (Fig.  3D) , which is consistent with the mitochondrial location of CPT1A. Similar CPT1A-activating effects can also be observed in primary hepatocytes (SI Appendix, Fig. S2B ). We overexpressed CPT1A recombinantly in Escherichia coli (SI Appendix, Fig. S6 ) but could not obtain the active enzyme in the purified form due to protein aggregation. Nevertheless, we observed a greater than threefold increase in CPT1A activity from the E. coli lysates treated with 100 μM baicalin, whereas the background CPT1A activities were negligible (Fig. 3E) . The activation of CPT1A by baicalin was dose-dependent, as we observed a >60-fold activation when the lysates were treated with up to 800 μM baicalin (SI Appendix, Fig. S7 ). We also recombinantly overexpressed CPT1A of Mus musculus and CPT1 of Caenorhabditis elegans and demonstrated that baicalin is able to stimulate these orthologs as well, although to a lesser extent (Fig. 3 F  and G) . Interestingly, baicalin did not activate CPT1B and CPT1C, the other two human isoforms of CPT1 (Fig. 3 H and I) . These data collectively demonstrated that baicalin activates CPT1A directly with specific isoform selectivity.
Structural Model for the CPT1A Activation by Baicalin. Biophysical analysis of the interaction between CPT1A and baicalin can provide more insights on the mechanism of enzyme activation by the flavonoid. Since we could not obtain purified CPT1A with enzymatic activity, we resorted to other complementary methods to analyze the protein-flavonoid interaction directly in cell lysates. Both temperature-and dose-dependent cellular thermal shift assays (38) demonstrated that baicalin affects the thermal stability of CPT1A but not the actin control (Fig. 4 A and B and SI Appendix, Fig. S8 ), supporting that there is a direct interaction between CPT1A and baicalin. We next used the baicalin probe to map its potential binding site on CPT1A by a competitive ABPP reductive dimethylation experiment (39) (SI Appendix, SI Materials and Methods and Fig. S9A ). Based on the CPT1A peptides whose probe labeling was sensitive to baicalin treatment or not ( Fig. 4C and SI Appendix, Fig. S9B ), we used the Rosetta software suite (40) to construct a model of the CPT1A-baicalin complex by homology modeling and ligand docking (Fig. 4D) . Guided by the docking model, we designed four mutations in CPT1A at the complex interface (L286W, I291F, E309Y, and H327E) that are predicted to maintain the structural integrity of CPT1A but disrupt the binding of baicalin (SI Appendix, Fig. S10A ).
All of the four disruptive mutants were confirmed with much reduced labeling by the baicalin probe ( Fig. 4E and SI Appendix, Fig.  S10B ). We tested their enzyme activity in response to baicalin treatment in vitro and found that all of them significantly lost the activation by baicalin (Fig. 4F) . To further verify the role of CPT1 in mediating the lipid-reducing activity of baicalin, we overexpressed either wild-type CPT1A or each of the four mutants in HeLa cells after knocking down endogenous CPT1A expression by RNAi (SI Appendix, Fig. S11A ) and evaluated the lipid-reducing activity of baicalin on them. As expected, only overexpression of wild-type CPT1A, but not any of the mutants, could rescue the phenotypic reduction of lipid accumulation in cells by baicalin (Fig. 4G) , and the response is well correlated with the overall CPT1A enzymatic activity upon baicalin treatment (Fig. 4H ).
Baicalin Ameliorates DIO and Associated Metabolic Disorders in Mice.
We next investigated the effect of baicalin in a DIO animal model. Mice were fed a high-fat diet for 12 wk to first induce obesity and hepatic steatosis; Under the same high fat diet, they were then administered intragastrically with baicalin (400 mg/kg daily) for another 12 wk. The dose was chosen based on a previous pharmacokinetic study that measured the final plasma concentration of baicalin as 0.8 μg/mL 6 h after intake (41) . As expected, DIO mice gained significantly more body weight (42 ± 4.7 g) than those on regular chow (30 ± 1.7 g) after 12 wk (Fig.  5A ). Ensuing treatment with baicalin resulted in a dramatic reduction of whole-body weight (Fig. 5A) , lowered the percentage of body fat (Fig. 5B) , improved insulin sensitivity, and ameliorated hyperlipidemia and hyperglycemia (SI Appendix, Fig. S12 ).
Without affecting the amount of food intake (Fig. 5C ), baicalin treatment increased energy expenditure in DIO mice (Fig. 5D ) and shifted the respiratory exchange ratio (RER), suggesting that these mice use more lipid as the energy source (Fig. 5E) . Notably, the RER shift occurred as early as 3 wk after baicalin treatment and preceded the divergence of body weights (SI Appendix, Fig. S13 ), suggesting that activated FAO is driving the improvement in the metabolic profiles of DIO mice. Analysis of the raw liver tissues showed that baicalin treatment effectively reduced the size and weight of livers (Fig. 5 F and G) as well as the accumulation of hepatic lipid (Fig. 5 H and I) in DIO mice. Furthermore, quantitative analysis of the tissue homogenates and blood samples showed that baicalin could significantly reduce the levels of hepatic triglyceride and cholesterol (Fig. 5J ) and improve liver function (SI Appendix, Fig. S12B ) in DIO mice. It should be noted that while baicalin could ameliorate hepatic steatosis in DIO mice, it showed no obvious adverse effects on the lean mice, such as weight reduction, loss of appetite, and hepatotoxicity ( Fig. 5 A and C and SI Appendix, Fig. S12B ), suggesting that it could be used safely to treat hepatic steatosis and obesity.
We measured the CPT1A activity from the homogenized liver lysates and found that baicalin treatment resulted in a greater than twofold increase in CPT1A activity (Fig. 5K ) with little change on protein abundance or the level of malonyl-CoA (SI Appendix, Fig. S14 ). Consistent with activated FAO, the plasma level of nonesterified fatty acid (NEFA) was decreased and that of total ketone bodies (TKBs) was increased (Fig. 5L ).
CPT1A Activation Is Critical for the Antiobesity Effect of Baicalin. To corroborate the role of CPT1A activation in mediating the antiobesity effect of baicalin, we proceeded to test the baicalininsensitive mutants in the DIO mouse model. We first examined the four baicalin-insensitive mutations in the mouse enzyme as they were designed based on the docking model from the human ortholog. The in vitro CPT1A assay revealed that H327E retained its resistance toward activation by baicalin (Fig. 6A) . Consistently, sequence alignment of the human and mouse CPT1A showed that H327 is conserved among the four mutated sites (SI Appendix, Fig. S15) . A thermal shift assay also confirmed (E) Disruptive mutations of predicted key interface residues abolished CPT1A labeling by the baicalin photoaffinity probe (n = 2). Four disruptive mutations were predicted based the docking model of the CPT1A-baicalin complex. E. coli lysates overexpressing these mutants were labeled by the baicalin probe with or without baicalin competition and enriched by streptavidin. Immunoblotting analysis of CPT1A was performed for the input lysate before enrichment (input), for the sample after enrichment (pulldown), and for the sample after enrichment with baicalin competition (competition). The intensity of immunoblotting signals was quantified by ImageJ (NIH), and the quantitative ratio of probe labeling was calculated by subtracting the intensity from the competition lane from that of the pulldown lane, and then divided by that of the input lane. *P < 0.05; ***P < 0.001, compared with wild-type. (F) Overall activity of CPT1A upon baicalin activation in HeLa cells with siRNA knockdown of endogenous CPT1A followed by overexpression of wild-type CPT1A or each of the disruptive mutants. The fold of activation is shown above each bar (n = 3). (G) Overexpression of wild-type CPT1A but not any of the disruptive mutants in HeLa cells with siRNA knockdown of endogenous CPT1A can rescue the lipid-reducing response to baicalin treatment (100 μM treatment for 24 h, n = 3). N.S., not significant; ***P < 0.001, compared with Saline. (H) Overall activity of CPT1A upon baicalin activation in HeLa cells with siRNA knockdown of endogenous CPT1A followed by overexpression of wild-type CPT1A or each of the disruptive mutants. The fold of activation is shown above each bar (100 μM baicalin for 24 h, n = 3).
that the H327E mutant of mouse CPT1A was no longer bound by baicalin (Fig. 6 B and C) . Since genetic knockout of CPT1A is embryonically lethal (42), we first knocked down the hepatic CPT1A expression in DIO mice using shRNA interference and observed that all beneficial effects of baicalin in ameliorating diet-induced hepatic steatosis and obesity were effectively abolished (SI Appendix, Fig. S16 ). To further demonstrate that activation of CPT1A is critical for these beneficial effects, we restored the level of CPT1A in liver by overexpressing either the wild-type CPT1A or the H327E mutant via adenoassociated virus-mediated transfection (SI Appendix, SI Materials and Methods). Consistent with our observation in the cellular model, only rescue with the wild-type CPT1A, but not the baicalininsensitive mutant H327E, was able to ameliorate the obesityassociated metabolic symptoms in DIO mice, including reduced body weight (Fig. 6D) and percentage of body fat (Fig. 6E) , reduced liver size, weight and lipid deposition (Fig. 6 F and G) , decreased triglyceride and cholesterol levels in the liver (Fig. 6H) , decreased NEFA and increased TKB levels in the plasma (Fig. 6I) , and shifted metabolic rates (Fig. 6 J and K) . In addition, baicalin ameliorates insulin sensitivity, hyperlipidemia, and hyperglycemia with dependence only on wild-type CPT1A but not the baicalin-insensitive mutant H327E (SI Appendix, Fig. S17 ). We confirmed that the "rescuing" effect was not due to different expression levels of the wild-type and mutant CPT1A (SI Appendix, Fig. S11B ), but rather correlated with the overall enzymatic activity of CPT1A upon baicalin treatment (Fig. 6L) . We also measured the abundance and activity of CPT1A in other tissues, such as adipose tissue, intestine, and kidney. Although CPT1A could be activated by baicalin across all these tissues, the overall activity of hepatic CPT1A was measured as the highest one (SI Appendix, Fig. S18 ). These data collectively supported that a direct interaction between baicalin and hepatic CPT1A is responsible for mediating the antiobesity and antisteatosis activity of the flavonoid.
Discussion
Baicalin is a major flavonoid component from the traditional Chinese medicine S. baicalensis. Inspired by its remarkable antisteatosis activity (29, 30) , we have performed a quantitative chemoproteomic profiling study to identify the protein targets of baicalin in cellular proteomes. We found that CPT1A, which is the rate-limiting enzyme in FAO, is directly bound and activated allosterically by baicalin. The CPT1A activation by the flavonoid results in acceleration of hepatic FAO and amelioration of obesity and associated metabolic disorders in DIO mice.
Several strategies have been exploited to promote mitochondrial FAO in liver via CPT1A to treat obesity and associated metabolic diseases, including using peroxisome proliferatoractivated receptor agonists to boost its expression (43) , reducing the malonyl-CoA level to alleviate its inhibition (44) , and overexpressing a malonyl-CoA-insensitive CPT1A mutant (15) . A fatty acid synthase inhibitor, C75, was reported to increase CPT1 activity and reduce DIO (16); however, its modes of action are still questionable (18) . While a transient and moderate elevation of CPT1A genetically was shown to reduce hepatic triglyceride accumulation (45) , our attempt to overexpress CPT1A by an adenoassociated virus with a strong liver-specific promoter resulted in the premature death of mice (SI Appendix, Fig.  S19A ), suggesting that excessive elevation of CPT1A by genetic means is toxic. In this regard, our discovery of baicalin as a direct natural activator of CPT1 with isoform selectivity in liver provides a unique pharmacological tool to promote mitochondrial FAO specifically in hepatocytes. Compared with transient CPT1A overexpression, baicalin treatment resulted in higher activation on CPT1A activity and more reduction in lipid accumulation without affecting cell viability in a cellular model (SI Appendix, Fig. S19B ). The chronic treatment of baicalin not only ameliorated the DIO and hepatic steatosis but also improved associated metabolic syndromes, including insulin resistance, hyperglycemia, hyperlipidemia, and damaged liver functions in DIO mice. It is very gratifying to observe that baicalin treatment, despite administration at a seemingly high dose, causes few phenotypical and metabolic changes in healthy animals. Considering its long history of usage in traditional Chinese medicine practice with no major safety concerns reported, we believe that baicalin may serve as an ideal candidate drug to prevent and treat DIO and associated metabolic disorders.
Baicalin belongs to the family of flavonoids with more than 5,000 members, and these structurally diversified natural products ubiquitously exist in plants and fungi, some of which have also been reported with unique hepatoprotecting activities (26) . It remains to be explored whether the CPT1A-activating activity of baicalin is shared by other naturally occurring flavonoids with even higher potency and better selectivity. Baicalein is another major flavonoid from S. baicalensis, and it can be converted from baicalin by deglycosylation. Our preliminary tests suggested that baicalein could effectively compete the photolabeling of CPT1A by the baicalin probe and it has similar CPT1A-activating activity as well. However, the deglycosylation resulted in increased cytotoxicity, which, in turn, significantly dampened the lipidreducing effect of baicalein (SI Appendix, Fig. S20 ). It is therefore important to pay close attention to the cytotoxicity profiles when screening more flavonoids in the future.
Due to its poor bioavailability, a relatively high (but safe) dose of baicalin was applied in our animal studies, and based on the previous pharmacokinetics analysis, its plasma steady-state concentration is predicted at 0.8 μg/mL after an oral dose of 400 mg/kg (41) . It is therefore conceivable that optimization of the structure/ activity relationship of baicalin by medicinal chemistry, together with more detailed structural insights of CPT1-baicalin interaction, may yield new synthetic antiobesity drugs with improved pharmacodynamics and pharmacokinetics. In this regard, we have preliminarily explored the activity of an acetylated derivative, Acbaicalin, which is predicted to have improved bioavailability. The results showed that structural modification of the flavonoid core by acetylation disrupted the binding of CPT1A and that loss of CPT1A activation abolished the lipid-reducing effect of Ac-baicalin (SI Appendix, Fig. S20 ).
We exploited an ABPP-based chemical proteomic strategy to identify the protein targets of baicalin. The bulky modification on the baicalin structure may hinder the identification of some of its genuine targets; however, the unchanged lipid-reducing activity justified its use in profiling and led to the identification of the interaction of CPT1A and baicalin. Recently, baicalein was also found to have antiinfection properties against Salmonella typhimurium, and an elegantly conducted ABPP study revealed that the type III secretion system was targeted (46) . These studies demonstrated that chemical proteomics have become a valuable tool to discover the protein targets of a small molecule with specific bioactivity, which will provide important clues to guide functional elucidation of its mechanism of action and open new windows for drug development.
Several studies have previously attempted to explore the mechanisms of the antiobesity and antisteatosis activity of baicalin (29, 30, 47) , and although multiple targets and pathways were observed with transcriptional and posttranslational perturbations, no defined mode of action was confirmed. It was observed that the AMPactivated protein kinases and ACC pathways were activated and inhibited, respectively, upon baicalin treatment (29, 30) , and the implied activation of FAO fits our discovery of baicalin as a direct allosteric activator of CPT1A. In addition, our chemoproteomic profiling has identified other proteins that potentially interact with baicalin. It remains to be investigated whether they are also involved in mediating the antiobesity as well as other aspects of baicalin's bioactivity. Furthermore, we performed transcriptome analysis of HeLa cells upon baicalin treatment (SI Appendix, Fig.  S5 and Dataset S3), and although no major lipid metabolism pathways are significantly perturbed transcriptionally, more thorough analysis may help reveal other modes of action indirectly targeted by the flavonoid. Nevertheless, our mechanistic investigation of the CPT1A-baicalin interaction by both structural modeling and in vivo rescuing experiments provided strong evidence that . Antiobesity and antisteatosis effects of baicalin are dependent on its interaction with CPT1A. (A) H327E mutant of mouse CPT1A retains its resistance to activation by baicalin. The fold of activation of mouse CPT1A activity by baicalin is shown above each bar (n = 3). Baicalin treatment increases the thermal stability of recombinant mouse wild-type CPT1A (B) in E. coli lysates but not in its baicalin-resistant H327E mutant (C) as measured by the temperature-dependent cellular thermal shift assay (n = 3). *P < 0.05, compared with DMSO. Overexpression of wild-type CPT1A but not the disruptive mutant H327E in mouse liver after knockdown of endogenous hepatic CPT1A can rescue the antisteatosis response to baicalin in DIO mice, including the reduction of body weight (D), the reduced percentage of body fat (E), the reduced liver sizes and hepatic steatosis as measured by hematoxylin and eosin (HE) and ORO staining (200× magnification) (F), the reduced liver weights (G), the reduced levels of hepatic triglyceride (TG) and cholesterol (CHOL) (H), the reduced levels of NEFAs and the increased level of TKBs in plasma (I), the increased energy expenditure (J), and the shifted RER to 0.7 (K). (L) Overall of hepatic CPT1A activity in DIO mice with overexpression of wild-type CPT1A or the disruptive mutant H327E in mouse liver after knockdown of endogenous hepatic CPT1A. For D-L, all data were measured after daily treatment with saline or 400 mg/kg baicalin for 12 wk. N.S., not significant. *P < 0.05; **P < 0.01; ***P < 0.001 (n = 5 per group). pal-car, palmitoyl-carnitine; SI&OE_WT or SI&OE_H327E, overexpression of wild-type CPT1A or H327E mutant in mouse liver after knockdown of endogenous hepatic CPT1A, respectively.
